Introduction
The medial temporal lobe (MTL) region, which consists of extensively and reciprocally connected structures such as the temporopolar cortex, perirhinal cortex, entorhinal cortex, amygdala, hippocampus, and the posterior parahippocampal cortex, is thought to be central in declarative memory formation, through its widespread functional connections throughout the neocortex. Some theories have stressed the importance of the MTL in the formation of long-term declarative memory and have suggested that lesions in any part of the MTL produce memory deficits (Squire and Zola-Morgan, 1991; Squire et al., 2004) . Others have emphasized that different MTL structures play separate roles in declarative memory as well as in other cognitive functions such as higher-order visual perception Graham and Gaffan, 2005) , working memory (Axmacher et al., 2007; Piccioni et al., 2007; Olson et al., 2006a,b) , and short-term memory (Piekema et al., 2006) . It has been suggested that, during encoding, visual object features are processed in the perirhinal and lateral entorhinal cortex, while spatial context is processed in the adjacent medial entorhinal cortex and parahippocampal cortex (Eichenbaum et al., 2007) . Indeed, lesions to the perirhinal cortex alone, or together with the entorhinal cortex, have been shown to cause significant deficits in the ability of humans (Barense et al., 2005) , monkeys (Baxter and Murray, 2001 ) and rats (Prusky et al., 2004) to perform visual categorization and memory tasks, deficits not found when lesions are restricted to the hippocampus. It has also been suggested that the memory functions of MTL structures are dissociated according to stimulus content, where the perirhinal cortex contributes more heavily to processing of visual object information (Bussey et al., 2006) , while the hippocampus and parahippocampal cortex contribute more in the processing of spatial information (Epstein et al., 1999; Burgess et al., 2002) .
Neuroimaging studies in humans have only partially supported the view of a regional specialization within the MTL related to memory content. For example, some have found the perirhinal cortex to be more strongly activated by novel visual items compared to novel spatial arrangements of familiar items (Pihlajamäki et al., 2004 (Pihlajamäki et al., , 2005 , while others have found that the perirhinal cortex was activated during both spatial and object memory encoding (Buffalo et al., 2006) . Similar conflicting findings include the hippocampus and parahippocampal cortex, where Pihlajamäki et al. (2004) found an anterior-posterior gradient, in which the anterior hippocampus and anterior parahippocampal cortex were more involved in the processing of contextually novel objects, whereas the posterior hippocampus and posterior parahippocampal cortex were more involved in the processing of novel spatial arrangements. Conversely, Buffalo et al. (2006) found that the anterior parahippocampal cortex, but not the anterior hippocampus, was activated during spatial encoding. In this study, no significant effect of item or spatial processing was found in the posterior parts of the hippocampus or parahippocampal cortex. These diverging results show that the specific roles of the perirhinal cortex, parahippocampal cortex and hippocampus in object and spatial information processing are still unknown. While some of the differences between studies may reflect differences in paradigm design and task demands, differences in scanning parameters and statistical analysis may also contribute to the inconsistency of the results.
The present study aimed to elucidate the roles of the perirhinal cortex, parahippocampal cortex and hippocampus in the encoding of objects and positions. Based on previous findings, we proposed three structure-specific hypotheses. First, the perirhinal cortex was expected to be more involved in object encoding compared to position encoding. Second, the parahippocampal cortex was expected to show an anteriorposterior difference, in that the anterior portion was expected to be more involved in object encoding and the posterior portion was expected to be more involved in position encoding. Finally, a similar anterior-posterior difference was expected in the hippocampus, i.e., that the anterior portion would be more involved in object encoding and the posterior portion more involved in position encoding.
Finally, we were interested in exploring the role in encoding of objects and positions in adjacent MTL regions, including the temporopolar cortex, entorhinal cortex and amygdala (see Fig. 1 ). Thus, post-hoc testing of the difference between object and position encoding was performed in these regions. Our paradigm also allowed the study of the effects of content during preparation and rehearsal stages, for which we had no prior hypotheses (see Fig. 2 ).
To this end, fMRI was performed during an object and spatial encoding task, using an imaging sequence optimized to measure blood-oxygen-level-dependent (BOLD) signal changes in the MTL region. During the task, subjects were asked to either encode (and rehearse and retrieve) object identities or object positions. A region of interest (ROI) approach was used to analyze the data in each individual, so that conventional anatomical criteria for defining MTL subregions could be applied, and to avoid registration errors that might result from the application of spatial normalization methods.
Materials and methods

Subjects
Twenty-five subjects (11 female; mean age = 24.12, std. = 4.7, range 18-33, 20 right-handed, 5 left-handed, with normal or corrected to normal vision) were recruited through on-line advertisements (www.forsoegsperson.dk) from the region of Copenhagen, Denmark. All subjects first signed an informed consent, and were paid for their participation, then filled out a self-report questionnaire on medical history including neurological and psychiatric disorders. Subjects were also tested for estimated intelligence levels with DART (Danish Adult Reading Test) and WAIS vocabulary. For both tests a z-score was calculated based on Danish normative material. The study protocol was approved by the local ethics committee (KF 01 -131/03). After careful examination of the self-report questionnaire and scanning results (structural and functional images), no subjects were excluded from the analysis. 
Structural imaging protocol
Structural images, used for the drawing of ROIs, were acquired using a Siemens Magnetom Trio 3 T MR scanner with an eight-channel head coil (Invivo, FL, USA) and included (1) a 3D whole-brain MPRAGE (magnetization prepared rapid acquisition gradient echo) scan with a voxel dimension of 1 × 1 × 1 mm 3 , field of view (FOV) 256 mm, matrix 256 × 256, repetition time (TR) / echo time (TE) / inversion time (TI) = 1540/3.93/800 ms, and a flip-angle of 9°; and (2) a 3D whole-head T2-weighted sequence with a voxel dimension of 1.1 × 1.1 × 1.1 mm 3 , FOV 282 mm, matrix 256 × 256, TR/TE = 3000/ 354 ms, and a flip-angle of 28.5°.
Structural image post-processing
The N3 program (Sled et al., 1998) was used to correct images for non-uniformity artifacts due to radio-frequency field inhomogeneities. Tissue classification was done using SPM2 (Wellcome Dept. of Imaging Neuroscience, London) on the N3 bias-corrected images (the SPM2 bias correction was turned off). Careful editing of the gray matter tissue images excluded voxels that were outside of the brain but adjacent to the MTL. Six ROIs (see Fig. 1 ) in each hemisphere were drawn on the native-space structural image using MNI Display (Montreal Neurological Institute, Montreal, Canada). An ROI drawing protocol for the temporopolar cortex, perirhinal cortex, entorhinal cortex, and parahippocampal cortex was adapted from the Insausti et al. (1998) and Pruessner et al. (2002) protocols; neuroanatomic guidelines for hippocampus and amygdala were adapted from those of Watson et al. (1992) , and the atlas of Duvernoy (1991) was consulted. The border between the perirhinal cortex and entorhinal cortex was set, in the coronal plane, at the top of the parahippocampal gyrus, making the perirhinal ROI cover the entire inferior bank of the collateral sulcus until the posterior border to the parahippocampal cortex. This practice differs from that of others (Insausti et al., 1998) who have applied a more adaptive drawing protocol for the perirhinal-entorhinal border, based on the depth of the collateral sulcus. This deviation from previous criteria was made to reduce variability associated with subjective placement of the boundary within the collateral sulcus.
A test of ROI drawing reliability was performed on a different data set consisting of 13 healthy young subjects (9 female, age range 19-31). Here, all subject data including file headers were anonymized and an extra set for each subject was right-left flipped. Thus, ROIs in a total of 26 structural scans were drawn (by TZR) for intrarater comparison. An intraclass correlation test (Rousson et al., 2002) on each ROI volume showed a mean r = 0.884 for all regions (range 0.615 to 0.916). The lowest values were for the bilateral temporopolar cortex, all other correlations exceeded 0.8.
Functional imaging protocol
At higher field strengths such as 3T, EPI susceptibility artifacts, which especially occur in areas close to the nasal cavities, ear cavities, and perforated bones , are especially pronounced in the MTL region. Recent developments in image acquisition have reduced these artifacts (Cho and Ro, 1992; Neufeld et al., 2005; Bellgowan et al., 2006) , although in many neuroimaging studies of the MTL these methods have not been applied. For the functional scan we used a BOLD fMRI sequence optimized for the MTL structures based on the method suggested by Deichmann et al. (2003) , adjusted to the MTL region.
We used EPI (Echo-Planar Imaging) with an 8-channel head coil, TR/TE = 2000/30 ms, 64 × 64 matrix. Initially, consistent placement and orientation of the participants' heads in the field of view was ensured by orienting subjects' heads to predefined orientation marks on the scanner head coil. The block of 33 slices was then oriented 20°o blique to the transverse plane so that the slices were roughly parallel to the long axis of the temporal lobe. The voxel size was 3 × 3 × 2 mm with no interslice space. The 2 mm slice thickness was applied in order to further reduce susceptibility artifacts. The total scanning time was 702 s. Pulse and respiration were recorded, and sampled at 50 Hz, using an MR-compatible pulse oximeter and a respiration belt.
We also included a B 0 field measurement sequence after the EPI recording, with the 8-channel, TR/TE = 488/6.16 ms, 33 slices with inherited orientation from EPI scan (3 × 3 × 2 mm slices with no interslice gap, 20°oblique to the transverse plane). 
Activation paradigm
The task involved 18 blocks in an equal number of object and position tasks. The data were taken from a full run of 19 blocks, in which the last block was excluded from the analysis in order to obtain an equal number of fMRI acquisitions per stimulus type. Each block included a 1 s instruction cue; a 3 s preparation epoch; 6 stimuli presented serially 2 s each for encoding; a 6 s rehearsal epoch; and 6 stimuli presented serially 2.5 s each for old/new recognition judgments (see Fig. 2 ). Each encoding stimulus was a unique, colored Snodgrass and Vanderwart-like object (Rossion and Pourtois, 2004) presented in a trial-unique location among 9 locations in a 3×3 spatial grid. During preparation and rehearsal, an empty grid was displayed. Just prior to the instruction cue and recognition phase a white cross appeared at the middle of the grid for 1 s, signaling the onset of the encoding or recognition phase. In the object memory blocks, recognition stimuli were 3 old and 3 novel stimuli in a fixed pseudorandom order. In the position memory blocks, recognition stimuli were grids in which an orange square appeared in 3 old and 3 novel positions in the grids, again in a pseudorandom order. The instruction cue indicated whether the subjects were to encode (and rehearse and recognize) the objects or the grid locations in the subsequent series of stimuli. Subjects were explicitly instructed to ignore positions if their task was to focus on objects, and, conversely, to ignore objects during the position task. During the rehearsal epoch, subjects were asked to try to keep the object identities or grid locations in mind. Nine blocks of each task were presented in a fixed pseudorandom order. All subjects were trained outside the scanner for approximately 10 min using a different set of objects.
All stimuli were presented using IFIS and E-Prime software (http://www.pstnet.com/products/e-prime/) using a Canon LV 7545 LCD projector equipped with a Buhl optics lens with a refresh rate of 60 Hz (full brightness = 3700 ANSI lumens, setting = 10; Contrast = 800:1, setting = 32). The stimuli were back projected onto a screen and viewed via mirrors placed on the head coil above the subject's head. The full screen size corresponded to 24°× 18°visual angle and was presented in 800 × 600 pixel resolution.
Behavioral analysis for performance during the fMRI session was performed in SPSS 15.0; accuracy scores and reaction times during the recognition condition were computed for each subject applying a 2-tailed paired-samples t-test for studying the effects of content on recognition accuracy and reaction times. 
BOLD analysis
The EPI data analysis was performed in native space using SPM5. Realignment with no smoothing was used. Each individual's EPI image series was coregistered to his/her AC-PC aligned structural image. For each content condition (object and position) preparation, encoding, rehearsal, and recognition were entered as separate regressors in the design matrix, leading to a total of 8 regressors of interest. The recognition stage was included as a regressor in the analysis, but since this stage used different visual stimuli, any difference or lack thereof in BOLD signal during this stage may be explained by the use of different visual stimuli, rather than differences in processing of content. The regressors were convolved with a canonical haemodynamic response function. Nuisance regressors for respiration, heartbeat and motion were included in the analysis . Within every ROI, EPI data from all voxels were averaged in the calculation of the ROI specific regressor. For each ROI the average value for the contrasts of interest (object vs. position comparisons for preparation, encoding and rehearsal) were fed into a second level analysis, where a onesample t-test was made. All statistical tests were made in SPSS 15.
Our analysis first tested the hypothesized effect in the perirhinal cortex, where we applied a one-sample t-test. We then tested our hypotheses on the difference between anterior and posterior regions of the parahippocampal cortex and hippocampus. For this analysis, anterior and posterior subregions of each individual's parahippocampal cortices and hippocampi were distinguished by projecting the respective coordinate sets (with origin in each regions centre of mass) onto the principal axis. Each region was subdivided into three subregions with equal masses, and only the anterior and posterior regions of each structure were used for analysis. The average values for the contrast of interest (object encoding vs. position encoding) of each anterior and posterior subregion were fed into a second level analysis, where a paired-sample t-test was made for direct comparison of anterior and posterior regions within each ROI.
We further analyzed the effects of content in regions for which we had no prior hypotheses (i.e., temporopolar cortex, entorhinal cortex, and amygdala). For the analysis of the encoding stage, we made a total of 20 tests (all whole ROIs, n = 12, plus anterior and posterior subregions, n = 8), for which we applied a correction for multiple comparisons by multiplying p-values with the number of tests (Bonferroni correction, n = 20), unless otherwise stated.
Finally, we tested the difference between object and position processing during preparation and rehearsal stages. As with the encoding stage, in each stage analysis, we corrected for multiple comparisons (Bonferroni, n = 20).
As MTL regions are situated in regions suffering from image artifacts when using EPI, we wanted to test whether there were any significant regional differences in signal values in this region. We therefore computed the gradient of the B 0 field in each region and examined the relationship of these values to BOLD contrast values.
Results
Based on a brief assessment (see Materials and methods), subjects' z-scores for DART (mean = 0.85, std. = 1.17) and WAIS vocabulary (mean = 0.40, std. = 1.28) were all within the normal range. Comparing reaction times and accuracy for object and position tasks, we found lower mean reaction time for object recognition (objects: mean/std. = 1000/102 ms, positions: 1049/84; p = 0.050) but no difference in mean accuracy levels (objects: mean/std. = 5.18/0.40, positions: 5.30/0.33 of six possible correct responses; p = 0.193).
During encoding, both perirhinal cortices were significantly more active during object encoding than position encoding (see Table 1 and Fig. 3) . In both the left and right perirhinal cortex 22 subjects (88%) showed the object N position encoding effect, while 3 subjects (12%) did not display any such (or opposite) difference.
To investigate the nature of the response within the left and right perirhinal cortex and parahippocampal cortex during the different paradigms, we looked at the averaged responses of those voxels within the native-space perirhinal ROIs that surpassed the relevant threshold (p = 0.05, uncorrected). A block-length for encoding of 12 s and TR of 2 s afforded a temporal resolution of 6 samples per activation block. Averaging was also performed over the repeats of each of the preparation and rehearsal blocks. Fig. 4 illustrates the greater response found during the object-encoding block (red line) compared with that during the position-encoding one (blue line) in both the perirhinal cortex and the anterior and posterior parts of the parahippocampal cortex. At the whole-structure level, both the parahippocampal cortex and hippocampus were significantly more active bilaterally during object encoding than position encoding (See Table 1 ). To test for regional differences within each ROI, we performed a paired-samples t-test of the contrast score in the anterior and posterior parts of each of the hippocampal and parahippocampal ROIs. The analysis did not show any significant anterior-posterior differences in either hemisphere. We then performed a post-hoc correlation analysis of the contrast values in the anterior and posterior portions of the hippocampus and parahippocampal cortex in each hemisphere. Here, we observed a correlation trend between anterior-posterior pairs, in particular in the left parahippocampal cortex (r=0.55, p=0.004 uncorrected) and the left hippocampus (r=0.41, p=0.04, uncorrected), but not in the right parahippocampal cortex (r=0.154, p=0.46, uncorrected) or the right hippocampus (r=0.386, p=0.057, uncorrected). This is illustrated in Fig. 5 .
Our post-hoc analysis of the encoding stage demonstrated that a large portion of the MTL was more strongly activated during object encoding compared to position encoding. As Table 1 shows, this included bilateral temporopolar cortex and amygdala, though the effect was not significant in the entorhinal cortex.
In order to demonstrate that the paradigm lead to general activation differences in the brain, we conducted a native space analysis of regions showing larger activation during object encoding than position encoding, and the opposite contrast (larger activation during position encoding than object encoding). In all 25 subjects we found a clear dissociation in spatial localization and extent of brain activation for the two contrasts. The first contrast (object encoding N position encoding) generally showed activation differences in the primary visual cortex, ventral occipital and temporal regions and in MTL structures. The second contrast (position encoding N object encoding) demonstrated dorsal occipital and ventral parietal activation differences. This suggests that the paradigm as such taxed different neural mechanisms, and was suggestive of a ventral-dorsal processing difference for object and position encoding, respectively (see Supplementary materials). However, due to our limited field of view, we could not assess further differences in neural activation levels at the whole-brain level.
For the preparation and rehearsal stages, we found no significant difference in the processing of objects and locations.
Our test for any significant regional differences in signal values in the MTL, computed as regional differences in the B 0 as well as the relationship of these values to BOLD contrast values, did not show any dependence between gradients in the B 0 field and BOLD contrast values. Consistent with this, residualizing the ROI contrast values for local B 0 gradients did not change these results.
Discussion
By studying the effects of intentional encoding of objects and positions, we found task-related differences in the MTL region. Our first analysis focused on the hypothesized effects of content during encoding in the perirhinal cortex. Here, we found that the perirhinal cortex was bilaterally more engaged by object encoding compared to position encoding. This supports our hypothesis that the perirhinal cortex is involved in object-specific encoding; and the finding corroborates similar results from both the human and non-human primate literature (Aggleton and Brown, 2005; Wan et al., 1999; Bussey et al., 2002 Bussey et al., , 2005 . Converging evidence from lesion studies of monkeys (Baxter and Murray, 2001) , rats (Prusky et al., 2004) and humans (Barense et al., 2005) , as well as from neuroimaging studies (Pihlajamäki et al., 2005) have implicated the perirhinal cortex in object processing. Furthermore, studies using immediate early gene imaging in rats indicate that the perirhinal cortex, but not the hippocampus, is involved in processing novel, as opposed to familiar, visual objects. (Aggleton and Brown, 2005; Wan et al., 1999; Zhu et al., 1995 Zhu et al., , 1996 . Further support for this functional dissociation comes from anatomical studies showing that the perirhinal cortex receives the majority of its afferents from what has been termed the "ventral visual stream", a system involved in the identification and recognition of visual objects.
Previous studies have shown that the parahippocampal cortex receives the majority of its input from areas that make up the "dorsal visual stream" that is thought to process location and spatial context of objects (Burwell and Amaral, 1998; Witter et al., 1989) . Furthermore, the posterior parahippocampal cortex has previously been reported to be strongly activated by spatial stimuli, in particular pictures of scenes, compared to pictures of objects (Epstein and Kanwisher, 1998; Epstein et al., 1999; Downing et al., 2006) Contrary to this notion, we found that the parahippocampal cortex was significantly more engaged in object encoding than position encoding. To rule out that this result could be driven by a difference between anterior and posterior subregions of the parahippocampal cortex, we compared the content effect in anterior and posterior parahippocampal cortex. However, we found that there was no difference between anterior and posterior subregions in their relative engagement in object and position encoding. On the contrary, the results suggested that there was a correlation between the subregions, in particular in the left hemisphere. Furthermore, our time-series analysis of the anterior and posterior parts of the parahippocampal cortex demonstrated that the object encoding stage, but not the position encoding stage, was accompanied by a large increase in BOLD signal. One may argue that the anterior parahippocampal cortex did show some responsiveness to position encoding (see Fig. 4 , middle time-series), but this does not agree with the expected effect in the posterior parahippocampal cortex.
Our findings are inconsistent with previous studies that have demonstrated a role for the parahippocampal cortex in spatial processing (Pihlajamäki et al., 2005; Epstein et al., 1999; Burgess et al., 2002) . For example, Pihlajamäki et al. (2005) found increased activation in the perirhinal cortex during novel item processing, and increased activation in the parahippocampal cortex during processing of novel spatial arrangements. Buffalo et al. (2006) found that the perirhinal cortex was activated both during item and spatial processing and there was only a trend toward greater object processing activation in this structure. Conversely, the anterior parahippocampal cortex showed increased activation for spatial processing only. The results reported here suggest that there may be different kinds of spatial processing, and that the spatial advantage reported in other studies may be explained by the saliency of spatial information. Future studies should be conducted in order to directly address the role of the parahippocampal cortex in spatial processing at different levels of complexity.
It should be noted that demands for position processing may have failed to activate the parahippocampal cortex. Using a paradigm very similar to the present study, Mitchell et al. (2000) found that while object processing evoked more activity than position processing in limited parts of the MTL, no MTL regions exhibited greater activity during position processing. Indeed, this is very similar to our own findings, in which the entire MTL seems to be more engaged by object encoding than position encoding, although the position encoding condition did seem to engage other brain structures related to spatial processing (see Supplementary materials).
There are several factors that may have contributed to discrepancies in results of these studies of object and position encoding. First, the object and position encoding tasks may have differed with respect to how much they taxed the encoding apparatus. In several studies, including the present study, the objects presented represented members of a virtually limitless set of possibilities, while the positions to be encoded represented a small set of possibilities; for example, in the present study only nine positions were possible. Thus, in one sense, objects were "low frequency" stimuli, while positions were "high frequency" stimuli. Low frequency stimuli are known to be more difficult to process at study phase, although they may be more easily recognized at the test phase (Glanzer and Adams, 1985; Ostergaard, 1998; Diana and Reder, 2006) . This may have resulted in the presence of object but not position effects in the present study and in the study by Mitchell et al. (2000) . Interestingly, in the Buffalo et al. (2006) study, in which position effects in MTL structures were more prominent than object effects, the objects were drawn from a more restricted set of similar objects, and thus may have, from an encoding perspective, been more similar to higher frequency items.
Alternatively, the lack of position effects may relate to the low spatial complexity of the position stimuli. Recent studies suggest a role for the parahippocampal cortex region in more complex spatial processing, such as scenes (Buffalo et al., 2006; Henderson et al., in press; Epstein et al., 2007) and other contextual stimuli (Aminoff et al., 2007) . Thus, although the current spatial task may be regarded as depending on a spatial processing system per se, it may not have involved sufficiently complex visual stimuli to engage the posterior MTL region. It has been suggested that the parahippocampal cortex is functionally divided into an anterior and posterior region, where the anterior parts are involved in object-specific processing while the posterior parts are involved in position and place processing (Pihlajamäki et al., 2005) . Our results did not confirm this expected anterior-posterior functional dissociation, but rather demonstrated a correlation trend between anterior and posterior subregions of the parahippocampal cortex, especially in the left hemisphere. This may be attributable to the use of a relatively simple spatial task. Consequently, comparing visual object encoding and encoding of complex spatial stimuli (e.g., scenes) may cause an anterior-posterior processing difference in the parahippocampal cortex (as well as in the hippocampus). Indeed, this may be the main reason for diverging findings between studies using a simple spatial task (Buffalo et al., 2006; Mitchell et al., 2000 , and the present study), and studies using more complex spatial stimuli (Pihlajamäki et al., 2005; Epstein et al., 1999; Burgess et al., 2002) .
Two further problems with the current paradigm may have influenced our results. First, the lack of significant position effects may be explained by repetition suppression effects. While the objects in the object task were not repeated, the spatial layout of the position task remained the same across trials. This repetition difference between the tasks may decrease the responsiveness in the parahippocampal cortex for the spatial task relative to the object task. A further confound with the current position task is that it may be influenced by encoding strategy. That is, the task of encoding and remembering the use of trial-unique grid locations may be solved by memorizing the three of nine grid locations that were not used. This as opposed to the task of the harder task of remembering six out of nine grid locations. Consequently, the observed greater activation in the object task may in part be driven by the greater processing demand in the object task.
In a post-hoc analysis we explored the difference in activation in other MTL regions, including the temporopolar cortex, entorhinal cortex, and amygdala, during object and position encoding. Some of these activations were unexpected, including the bilateral involvement of the temporopolar cortex and amygdala in object encoding compared to position encoding. However, previous studies have suggested a role for the temporopolar cortex in visual recognition (Nakamura and Kubota, 1995) , semantic memory (Davies et al., 2004) , and recognition awareness (Sewards and Sewards, 2002) ; and for the amygdala in emotional learning (e.g., Leppanen and Nelson, 2006; Rosen and Donley, 2006) , and novelty processing (Fried et al., 2002; Moses et al., 2002) . The present results suggest that these structures may be more strongly engaged by object encoding that position encoding.
The object encoding task appeared to evoke stronger activations than positions in a number of regions, though there was evidence that the strength of these effects differed both by region and by hemisphere. In addition, the left hemisphere seemed to differ more strongly between object and position encoding than the right hemisphere. Thus, although the present paradigm was unable to produce truly dissociated effects of object vs. position encoding in the MTL region, the results are still consistent with regional differences in this content effect.
The paradigm allowed exploratory analysis of the effects of content during preparation and rehearsal. In addition, we modeled but did not report effects of content during the recognition stage, as significant differences in regional content effects may be greatly influenced by visually different stimuli. The present paradigm explicitly used a task involving the maintenance of object or spatial information for brief periods of time (∼6 s), a task that is related to working memory. However, no significant effect of content was found during preparation or rehearsal stages. These results are inconsistent with previous studies that have implicated distinct roles for MTL regions object and spatial working memory (Stern et al., 2001; Petersson et al., 2006; Olson et al., 2006a,b; Nichols et al., 2006; Axmacher et al., 2007 Axmacher et al., , 2008 . Such studies have demonstrated a role of the MTL and inferior temporal cortex in active maintenance of novel information. In particular, using a task of encoding, maintenance and recognition of novel faces, Ranganath and D'Esposito (2001) demonstrated a double dissociation between the response properties of the anterior hippocampal and parahippocampal regions. It was found that the hippocampus was more engaged during maintenance of novel faces, but not during encoding or recognition stages. Conversely, the parahippocampal cortex demonstrated increased activation during encoding and recognition of novel faces but not during the maintenance stage. In a similar study (Ranganath et al., 2004) , it was found that subregions of the inferior temporal cortex were differentially engaged during short-time maintenance of such content specific information (faces and houses). Furthermore, Piekema et al. (2006) demonstrated MTL engagement during working memory for features that are processed in different cortical regions. In particular, the hippocampus may be crucial to working memory binding of divergent features. This offers a suggestion for the results presented here. The task used in the present study stressed the maintenance of either objects of positions. Following the findings made by Piekema et al. it is possible that a working memory engagement of the MTL region may require the encoding and maintenance of object-location associations, rather than separate processing of objects and positions. Indeed, in a very similar setup Mitchell et al. (2000) demonstrated a higher engagement of the left anterior hippocampus during object-position associative maintenance. This suggests that MTL regions such as the hippocampus may be involved in the maintenance of object-location associations, but not in object or location processing alone.
ROI analysis
In the present study, an optimized MRI sequence was used to test whether specific regions of the MTL are differentially activated during mnemonic processing of objects and positions. One caveat in the functional neuroimaging of MTL structures is the use of whole-brain image acquisition that may lead to significant loss of signal in this region due to susceptibility artifacts, especially at high-field fMRI scanners at and above 3 T . A second potential problem is the regular use of spatial normalization and smoothing of functional images (Ashburner and Friston, 1999) . Studies of such methods have shown that MTL regions are poorly registered across individuals with standard methods (Salmond et al., 2002) , and systematically different in subjects with memory impairments (Krishnan et al., 2006) . Thus, spatial normalization procedures may spatially displace MTL activations when moving brains from native space into a standard frame of reference. In previous work, we have demonstrated that MTL structures are spatially displaced following spatial normalization with the use of standard methods (Ramsøy et al., 2005 , Liptrot et al. 2006 . In this paper we have tried to accommodate these difficulties by 1) using an image acquisition sequence that is optimized for the MTL region, and 2) analyzing regional brain activation in each subject's non-normalized brain by comparing the activation levels in anatomically predefined structures.
A few caveats should be considered for the present study. First, the perirhinal cortex and entorhinal cortex were defined using the collateral sulcus in its entire depth. The perirhinal ROI might therefore have partly included the lateral most part of the entorhinal cortex. This part of the entorhinal cortex has been shown to receive inputs from the perirhinal cortex as part of the ventral stream projections (Eichenbaum et al., 2007; Guarnieri et al., 2006) . Distinctions observed here between perirhinal cortex and entorhinal cortex may have been mediated to some extent by this imprecision in boundary delineation.
Second, in order to maximize the signal to noise ratio in the MTL region the BOLD signal was not recorded at the whole-brain level. It is likely that at least some of the effects for content and processing steps that we have found in the MTL apply to other areas of the brain as well, such as the dorsolateral prefrontal cortex. This area is known to be involved in different functions that relate to the present paradigm, including preparation (Rowe et al., 2002) and both object and spatial working memory (Deco et al., 2004) . Furthermore, one could expect that the parietal cortex may be involved in the attentional modulation produced by object or position instructions (Aso et al., 2007) . Indeed, our exploratory analysis did reveal that the dorsal occipital cortex and ventral parietal cortex were more engaged during position encoding than object encoding. However, our limited field of view did not allow the assessment of these effects at the whole-brain level. Consequently, a combination of local (MTL) and global brain activation neuroimaging is needed to explore the complex interactions between the MTL regions and the regions with which they are connected.
Finally, the present analysis included considerations of the effect of regional B 0 inhomogeneities, and their relationship to differences in BOLD contrasts. B 0 in the MTL region is known to be heterogeneous, especially along the anterior-posterior axis, though B 0 values are more bilaterally symmetrical. Thus, regional differences in the size of activation effects, particularly along the anterior-posterior axis, can result from poor sensitivity in anterior regions with low B 0 . Our analysis revealed no evidence of a dependence of the object-position contrast values on B 0 inhomogeneities and when regional B 0 gradient values were used as covariates, the results of the analyses were unchanged. Thus it seems unlikely that the observed pattern of content effects across the regions we examined is strongly influenced by B 0 inhomogeneity.
There may be other factors that make direct comparison of BOLD effects within MTL regions difficult. For example, it has been argued that systematic differences in the microvascular structure and especially the relative alignment of draining veins to B 0 may have an impact on the BOLD signal (Sheth et al., 2004; Roberts et al., 2007; Prinster et al., 1997; Hall et al., 2002) . In the MTL, regions such as the hippocampus, amygdala and the parahippocampal region have significantly different microvasculature, and it may be possible that this has an impact on regional differences in the BOLD signal. Other factors include regional differences in partial volume effects (due to different ROI sizes), coil sensitivity, and physiological noise (e.g., the proximity to large arteries). Many of these factors can be accounted for, at least partially, as we have done with the use of cardiac and respiratory recordings as nuisance regressors in the model. The collective effect of these factors on regional differences in BOLD signal, as well as methods to control for these factors, requires more attention.
Conclusion
The present study provides further evidence for a significant role of several MTL regions in the encoding of objects and positions. As predicted, there was evidence that object encoding more strongly engaged the perirhinal cortex than did position encoding. In general, the object encoding task seemed to engage large portions of the MTL bilaterally, and no MTL region displayed preferential activation during position encoding. Contrary to our expectations, direct comparisons of the anterior and posterior parts of the parahippocampal cortex or hippocampus did not yield any significant difference in their differential involvement in object and position encoding. On the contrary, our results suggested that the content effects in the anterior and posterior subregions were correlated, especially in the left hemisphere. Unfortunately, perhaps because the encoding demands in the position condition were lower, the results are less conclusive regarding the relative roles of the MTL structures in encoding of spatial information. These unexpected observations warrant further examination for confirmation in prospective studies.
